Roadgrip is an important parameter for vehicle testing and road maintenance. Therefore, an evaluation of the velocity and curvature effects on roadgrip measurement was performed on asphalt roads and on two ice tracks using the continuous roadgrip apparatus RT3 Curve. The aim was to find suitable driving patterns for measurements on public roads and test tracks to ensure the repeatability of roadgrip measurements. During the evaluation, it was concluded that in order to achieve a reliable roadgrip value, regardless of road conditions, the radius of curvature should not be less than 20 m. The velocity dependency of the RT3 Curve is different for the two road conditions, with the measurements on ice being much more sensitive to velocity changes than the measurements on the dry asphalt.
Introduction
Several tyre, vehicle and vehicle component manufacturers test their equipment in the north of Sweden. One important aspect of this testing is repeatability (Nybacka, 2009a (Nybacka, , 2009b . One example of an innovation in order to reduce the parameters affecting repeatability is driving robots that have been introduced to winter testing in recent years (Fredriksson et al., 2015; Tseng et al., 2005) . However, a large number of tests are still carried out on ice and snow surfaces. These surfaces are sensitive to wear and temperature which can change the roadgrip by more than 40% (Casselgren et al., 2014) . Therefore it is important to take control measurements of the current roadgrip to draw relevant conclusions from tests that are dependent on roadgrip, such as driver manoeuvres and braking.
The current roadgrip is also important for road maintenance, as slippery road conditions and traffic accidents are correlated according to Kulmala and Rämä (1995) and Norrman et al. (2000) . Kulmala and Rämä (1995) shows that 25% of all fatal accidents in Finland occur in winter road conditions. Other studies show that the correlation is still valid even in areas where winter road maintenance is performed (Schandersson, 1988; Såvenhed, 1995; Andreescu and Frost, 1998) . In order to keep the roads maintained to a high standard, a well-functioning intelligent road information system is of interest. This intelligent road information system should perform measurements in order to inform drivers about the current state and condition of the road (Norem, 2009; Casselgren et al., 2012; Autioniemi et al., 2015) . When decisions are made on how to maintain roads, one highly significant property is roadgrip (Erdogan et al., 2009) . Roadgrip is the total forces between tyre and road originating from friction and physical interlock.
In Sweden, it is important that the models used to carry out the measurements are able to separate coefficients of friction below 0.25, between 0.25 and 0.3, and above 0.3 (Trafikverket, 2014) . Thus the repeatability and accuracy of the measurements has to be good. In 2009, Engström et al. performed a combined roadgrip and friction test on Lake Kakel, see (Engström et al., 2008) , where several different continuous measurement devices were compared. It was found that the real time traction tool (RT3) from Halliday Technologies (Halliday Technologies Inc., 2010b) correlated best with real cars. A significant part of the correlation was due to the fact that the RT3 utilised regular winter tyres. To achieve even better roadgrip measurements the Swedish Transport Administration (Trafikverket) ordered an RT3 with capacity to measure in curves, the RT3 Curve.
Combined slip theory shows that with an increase in longitudinal forces, caused by an increased vehicle speed, the lateral forces will decrease (Pacejka, 2012; Rill, 2011; Schramm et al., 2014) . This means that the roadgrip will be dependent on vehicle speed, which is also the conclusion of Guo et al. (2005) . It has been shown that when vehicle speed is increased in steps of 20 km/h between 20 km/h up to 60 km/h, the friction decreases between rubber and a manufactured piece of asphalt (Do et al., 2013) . The reason for this is the decreased physical interlock between the rubber and the surface roughness at higher vehicle speeds, as explained by Persson (1998) . Persson has further developed the theory to include tyres and shows in Persson (2011) that this is also applicable for vehicle speeds over 60 km/h. Consistent results are also obtained by Heinrich and Klüppel (2008) . Persson also concludes that for tyres this is not only an effect of decreased physical interlock but also an effect of flash temperatures that are superimposed on the rubber making it softer (Persson, 2006) . Pinnington also shows a reduction in friction with increasing slip angle (Pinnington, 2009) . How large the reduction is and at what speed it appears depends on the roughness of the surface and the resulting vibrations (Schmeitz and Alirezaei, 2016) . This shows that to measure roadgrip with a high degree of accuracy and repeatability it is important to know the limitations of the apparatus and to follow a constricted driving scheme regarding velocity and regarding curves, since the slip angle will change depending on the radius of the curve.
Therefore, as roadgrip is important and many parameters affect it, this investigation's objective is to show the repeatability of roadgrip measurements with the RT3 Curve for different velocities and different curvatures, and in particular to find suitable driving patterns for the RT3 Curve carrying out measurements. The investigation has been performed on dry asphalt and ice, both on straight road sections and in curves of different radii. The RT3 Curve is described in Section 2, followed by a description of the measurements in Section 3. In Section 4 the results are given and discussed. Finally, some conclusions are drawn in Section 5.
Measurement device
The RT3 Curve is one of the measurement equipments from Halliday Technologies Inc. (Halliday Technologies Inc., 2010b) . It can be attached to a vehicle capable of accepting a tow hitch weight of 273 kg and is able to measure roadgrip on straight, curved and cambered roads continuously. According to the specifications provided by the supplier, the smallest possible radius for an accurate measurement is 50 m and there are no limitations regarding vehicle speed (Halliday Technologies Inc., 2010a). In Figure 1 the general design of the RT3 Curve can be seen. Most important are the grip evaluation and management (GEM) hubs, see no. 1 in Figure 1 . The RT3 Curve is a three tyre system with two Bridgestone Blizzak Nordic WN-01 measurement tyres, see no. 2, and one tyre for transportation which also acts as ballast weight for the measurement tyre when raised, no. 8. In order to maintain as even normal force between measurement tyre and road as possible, a suspension system is used, see no. 7. In situations with thick layers of snow and ice slush on the road surface, a steering damper system holds the position of the RT3, see no. 6. When reversing with a RT3 Curve, angular limiting chains maintaining the course, no. 3. The rotational joint, with axis in a vertical plane, to enable roadgrip measurement in curves is marked with no 4. no. 5 in Figure 1 is a anti roll bar. To enable changes of measurement tyre, a detachable 'side wheel mount' and a 'swing arm' attached to the swing arm pivot bearing is mounted to the sub-frame. Adjustable wishbone bearings enable calibration adjustments of the slip angle. The slip angle should be as close as possible to 1.5° towards the centre line of the vehicle, see Figure 2 , resulting in a lateral force between the tyre and the road surface. Changes in the force are monitored by patented GEM force sensing hubs inside the measurement tyre. The measurement data available from the RT3 Curve is given in Table 1 . A tyre test performed during winter 2008/2009 on Lake Kakel, Arvidsjaur, Sweden, shows that it is important to know the tyre properties when measuring roadgrip (Engström et al., 2009) . For example, the tyre type, thread depth and ring pressure in the measurement tyre are of importance. Consistent with this, a calibration of the RT3 Curve should be performed before the measurements according to the manufacturer, Halliday Technologies Inc. (2010a).
Low lateral slip
Roadgrip measurements with an RT3 Curve are based on low lateral slip (Engström et al., 2008; Halliday Technologies Inc., 2010b) . This means that the roadgrip is determined from the small lateral forces that are caused by the slip and physical interlock of the tyre. The lateral forces are small since the slip angle is small, which makes the tyre roll in almost the same direction as the travel direction. In Figure 3 the contact between thread blocks and road surface is shown and the generation of forces is illustrated. What happens is that a thread block first makes contact with the surface and the bending process starts. As the thread block is increasingly bent, it will reach the maximum stationary force that friction can provide. When that point is reached, the thread block starts to slip on the surface. Owing to the viscoelastic properties of the rubber compounds in the tyre, even higher forces are created through hysteresis work during the slip. The maximum force is generally produced at a slip ratio of 10-30%. There are a number of factors determining the size of the force generated, for example different road surface parameters, tyre parameters and the mechanical settings of the RT3 Curve (Persson, 2011; Heinrich and Klüppel, 2008; Persson, 2006; Pinnington, 2009; Halliday Technologies Inc., 2010a) .
Measurements
During the spring of 2015, measurements with an RT3 Curve were performed on dry asphalt in the Luleå area of Norrbotten, Sweden. To analyse the behaviour when driving at various velocities (20, 40, 60 and 80 km/h), measurements were taken in a large curve (radius R ≈ 200 m) with adjacent straight road sections. At 60 and 80 km/h the cruise control of the car was used. For each velocity the curve was taken both clockwise and counter clockwise, i.e., both sides (west and east lane) of the road were measured. A distance of approximately 200 m was driven in the curve and a total of about 300 m was driven before and after the curve.
Measurements were also performed in order to determine how different curve radii influence the roadgrip measurements. For this, 12 roundabouts of different radii were located in the Luleå area and measurements were performed on them. Because the friction was known to decrease with increasing speed (Do et al., 2013) , the aim was to drive at 20 km/h. However, owing to the surrounding traffic the velocity varied slightly. For comparison, measurements were also performed on adjacent straights.
The sizes of the roundabouts were first estimated from a map and then determined by transforming longitudinal and latitudinal GPS data into a distance. For roundabouts with two lanes, both radii were determined and measurements were taken in both lanes. The roundabouts are described in Table 2 . In the analysis, the radii determined from the GPS data were used for all roundabouts except for roundabout C where the VBOX lost connection and the radius estimated from the map was used instead. Note: *The VBOX lost connection so the estimated value from the map was used in the analysis.
To examine if the results are comparable for surfaces of different roadgrip, measurements have also been carried out on two ice tracks: one on a lake in Jokkmokk (Ice 1), Norrbotten, Sweden, and the other on Lill-Korsträsket (Ice 2), also in Norrbotten, Sweden. On the lake in Jokkmokk, a large area of the lake ice was prepared with a System 2000 Grader blade (Engström et al., 2008) and measurements were performed both by driving back and forth in straight lines and by securing the steering wheel at a fixed angle, making the car go in curves with given radii. Measurements were taken with velocities between 15 and 50 km/h. All measurements were performed in a short time interval, thus no visible changes in the weather or ice surface were noted. The temperature was -5°C. At Lill-Korsträsket, an 'S' track was marked on the ice with 50 m radii. The test could then be carried out with a right and a left turn in the same test sequence. Measurements were taken with velocities between 10 and 40 km/h. The lake ice was prepared by brushing it, making a smooth surface with more or less constant friction. All measurements were performed in a short time interval, thus no visible changes in the weather or ice surface were noted. The temperature was -17°C.
Results and discussion
In this section, the results are presented and discussed in terms of both velocity and curvature dependence.
Velocity dependence
In Figure 4 , raw data from the measurements taken on dry asphalt at 80 km/h are shown to exemplify the results. The GPS coordinates in Figure 4 (a) can be seen as an outline of the road segment, the curve with the adjacent straight sections. The curve was driven back and forth in one run and a total of two runs were made for each velocity. In Figures 4(b) to 4(d), the first run is seen during approximately the first 1,100 samples [before the second 180 degree jump in Figure 4 (c)] and the rest of the samples belong to the second run. In Figure 4 (b), it can be seen that the velocity varies somewhat although the cruise control was used. The course in Figure 4 (c) is used in combination with the GPS coordinates to find the measurements in the curve and the two straights. Figure 4(d) shows the measured roadgrip for the left and right tyre and their mean. It can be seen that the two runs turned out to be rather similar and the decision was made to settle on these two. More runs would mean more time for other variables to change such as temperature and the moisture content of the air. 
To compare the two runs more thoroughly, they are plotted on top of each other. In Figure 5 this comparison of the two runs at 80 km/h is shown. The velocity and the course for 80 km/h are consistent for the two runs, see Figures 5(a) and 5(b). Regarding the roadgrip (Figure 5c ), there are some small variations caused by not being able to drive in exactly the same path twice. The repeatability of the measurements is also evaluated by calculating the root mean square error (RMSE) between the two runs for each velocity, according to:
where m 1,v is roadgrip measurements from the first run and m 2,v is roadgrip measurements from the second run for the different velocities v = 20, 40, 60, 80 km/h. N is the sample length of one run. A low RMSE is interpreted as good repeatability. The same calculation is also performed with the velocity values to see its repeatability as well. The results are presented in Table 3 , where it can be concluded that driving with the vehicle's cruise control drastically reduces the difference in velocity. The RMSEs for the velocities of 60 and 80 km/h are more than half compared with the corresponding values for 20 and 40 km/h, for which cruise control is unavailable. Table 3 shows that although the velocity is more or less constant for higher velocities, the repeatability for the roadgrip decreases with increasing velocity and the decrease is faster for the curved road section than the straight. Another interesting conclusion is that the RT3 Curve is designed so that the differences in roadgrip values given by the two tyres will be compensated for by the use of the mean value, resulting in smaller variations in the roadgrip value. This can be seen in Figure 5 (c), where there is less fluctuation in the mean value than in the roadgrip from the left and right tyres. By using the mean value, the repeatability of the measurements also becomes better compared to when using results from each tyre separately, which can be seen in Table 3 . A difference of around 2 HFN on a measurement scale of 0-85 HFN is a good result for repeatability as it is difficult to drive in the exact same path twice. Hence, for further analysis the mean roadgrip is used.
The next step is to analyse the difference in roadgrip, considering not only the velocity but also straight and curved road sections. Making the assumption that a dry asphalt road has the same roadgrip whether it is straight or curved, it is possible to investigate how the velocity and any curves influence the roadgrip measured with the RT3 Curve. To do this, a mean 
where N is the sample length. The mean will have a standard deviation, σ i,l,v , according to
The results from the velocity dependence measurements are given in Table 4 . The radius for the curve is approximately 200 m. In accordance with Persson (2011) and Heinrich and Klüppel (2008) , it can be seen that the roadgrip value decreases when the velocity increases. As seen, the effect is higher in the curve because with increasing slip angle the lateral force increases and then the mean value cannot compensate for the difference between the two tyres, resulting in a decrease in roadgrip, as suggested in Pacejka (2012) , Rill (2011 ), Schramm et al. (2014 and Pinnington (2009) . Both on the straight road and in the curve, one can see that the standard deviation increases with increasing velocity. This is due to the fact that the RT3 Curve vibrates more at higher velocities, thus resulting in a smaller contact area with the asphalt (Persson, 1998) . It is also noticeable that the east lane of the road is bumpier than the west lane, which results in higher standard deviations for the east lane in both the straight road section and the curve. Straight Ice 1 36.7 ± 3.7 37.7 ± 4.0 38.3 ± 5.0 38.6 ± 4.2
Curved Ice 1 (R 1 ) 24.2 ± 6.1 26.3 ± 6.7 22.1 ± 6.3 15.9 ± 6.4
Straight Ice 2 40.3 ± 2.4 42.6 ± 3.8 44.6 ± 5.6 45.4 ± 8.6
Curved Ice 2 (R 1 ) 41.24 ± 2.5 40.7 ± 3.6 35.9 ± 7.1 11.6 ± 16.4 However when the measurements are performed on ice, the difference between straight and curved road sections increases as seen in Table 5 . The difference in standard deviation between the measurements on straight and curved sections for low velocities on Ice 1 compared with Ice 2 is also notable. This is caused by the System 2000 Grader blade that makes 2-3 cm wide and deep ripples in the ice. When driving along these ripples, there is less vibration than when crossing them, as is the case during turning. This also explain the differences in the HFN between the Straight and Curved measurements that can be seen in both Figure 6 and 7.
In Figure 6 , the dependence on velocity can be seen for measurements on both dry asphalt (black markers) and the two ice surfaces (grey markers). The stars are measurements taken when driving straight ahead, and the circles are measurements when driving in curves of radii 50 m and 200 m. For measurements on dry asphalt, the difference is not that large between straight and curved road sections if the velocity is kept below 40 km/h as seen in Figure 6 , this is also shown in Figure 7 for different radius. For the measurements on ice, the curve measurements deviate more from the straight measurement and they especially decrease faster when the velocity is increased. The fast decrease in roadgrip for higher velocities on ice is also the reason why the measurements on the dry road are performed at a higher velocity. Notice the difference between the straight measurements and the curved measurement for Ice 1, which is caused by the System 2000 according to the theory in Persson (1998 ), Pinnington, 2009 ) about the roughness of the surface affecting the roadgrip.
Another interesting result shown in Figure 6 is that the roadgrip in the curve on Ice 2 drops faster than it does in the curve on Ice 1, even though the roadgrip is higher on Ice 2 according to the straight section measurements. This means that if the radii decrease it does not matter that the roadgrip is higher since the velocity dependence increases for measurements performed in curves with smaller radii.
Curvature dependence
Because the velocity dependence result showed that the variations in roadgrip were smallest for velocities around 20 km/h, the radii measurements were carried out with velocities close to 20 km/h. Table 6 shows the results of the roadgrip measurements for the roundabouts on the asphalt and Ice 1. The standard deviation for the asphalt is mostly acceptable, but for the ice it is higher as explained in the previous subsection. For small asphalt radii, the standard deviation is in the same order of size as for the ice. For both surfaces, the roadgrip decreases for smaller radii.
In Figure 7 , the roadgrip from measurements in curves of different radii are compared to a mean value of several straight section measurements in the vicinity of the different curves, i.e., straight sections of the same surfaces as in the curves. The straight road mean value is displayed as a constant line (dash-dash) for all radii. Black measurements are performed on dry asphalt and grey on ice. Consistent with Figure 6 , it is seen that the curve measurements on ice are lower in comparison to the corresponding straight road value compared to the measurements carried out on dry asphalt. However, for radii below about 20 m the roadgrip decreases substantially compared to the straight road value for both surfaces, making it difficult to perform accurate roadgrip measurements in curves with small radii. This is caused by a physical constraint on the apparatus, the angular limiting chains (see no. 3 in Figure 1 ), which pulls the tyres through the curve, i.e., prevents them from rolling. An overall observation from the measurements is that the asphalt near to and on the roundabout has a lower roadgrip value than on the straight road, compare measurements in Figures 6 and 7 . This might be due to the fact that before and after roundabouts the vehicle brakes and accelerates and on the roundabout the vehicle is turning, creating an aligning torque, so the lateral and longitudinal forces are larger between the tyres and the asphalt. That leads to a degradation of the asphalt, making it smoother. The smoother asphalt decreases the physical interlock, which decreases the roadgrip (Persson, 1998) .
Roadgrip measurements have been performed with an RT3 Curve on dry asphalt and ice, both on straight road sections and in curves with varying radii. The measurements have been carried out with velocities between about 20 km/h and 80 km/h in order to study the dependence on both velocity and different curvatures. What can be seen is that the roadgrip measurements are rather independent of velocities on both dry asphalt and ice as long as the measurements are carried out on straight road sections. On ice, the roadgrip increases by about 5-12% when increasing the velocity from 10 to 40 km/h, whereas a similar velocity change on the asphalt does not result in any visible roadgrip changes. The roadgrip on asphalt decreases by approximately 5% when the velocity is increased from 40 to 80 km/h. However, the standard deviation of the different roadgrip measurements increases with increasing velocity on both surfaces, and thus it is concluded that the roadgrip result becomes less reliable when the velocity is high. Another conclusion is that it is important to drive slowly in order to achieve a correct roadgrip in curves with small radii. The importance of low velocity in curves increases with decreased radius, especially on slippery road surfaces.
In the specification of the RT3 Curve given by the supplier, it is stated that the smallest possible radius is 50 m. For the low velocity (about 20 km/h) used in this investigation, it is seen that it is possible to achieve reliable results for radii as small as 20 m as the restrain chains seems to be the limiting factor. However, for radii smaller than approximately 20 m the velocity dependency is high and the roadgrip value drops quickly. The conclusion is that in order to be able to measure in curves with small radii, the velocity needs to be slow to achieve a roadgrip value that corresponds correctly to the surface conditions.
